We have observed photoexcitation of the dipole-forbidden 1s 2 1 S 0 ! 2p 2 1 D 2 resonance in helium by measuring the nondipolar forward-backward asymmetry of photoelectron angular distributions in the 2ᐉ2ᐉ 0 autoionizing region. By exploiting the electric dipole-quadrupole interference in the excitation of both the 2s2p 1 P 1 and 2p 2 1 D 2 levels, we have observed the quadrupole resonance in photoabsorption and extracted its Fano line shape parameters and the relative phase of the 1sEp and 1sEd continua. We find the quadrupole line profile index q 2 to be markedly different from theoretical expectations. The autoionizing states of He have been studied in great detail for nearly 40 years. In fact, the pioneering work of Madden and Codling [1] on the doubly excited autoionizing states of He is generally considered to mark the dawn of the synchrotron radiation era in atomic physics [2] . In recent years, a substantial increase in the level of understanding of the excitation and decay of many Rydberg series of those resonances has been achieved [3] [4] [5] . All of that work, however, has been limited to J 1 dipole-excited resonances. And although there have been systematic studies of the higher multipole resonances by electron impact [6 -8] , those resonances have never before been observed in more selective photoionization experiments. Recently, it was shown that because of the interference of a dominant J 1 continuum with a weaker J 2 resonance, it is possible to observe quadrupole resonances in photoabsorption by measuring photoelectron angular distributions [9, 10] . In helium the autoionizing levels 2s2p 1 P 1 and 2p 2 1 D 2 lie close together at about 60 eV above the 1s 2 1 S 0 ground state. They are accessible by an electric dipole and electric quadrupole transition and autoionize into the 1sEp 1 P 1 and 1sEd 1 D 2 continua, respectively. In this work, we have carried out such an experiment in which we observe both the 2s2p 1 P 1 (dipole) and 2p 2 1 D 2 (quadrupole) autoionization resonances in He and determine the quadrupole resonance line shape parameters.
Interference between the electric dipole ͑E1͒ and electric quadrupole ͑E2͒ amplitudes produces a forwardbackward asymmetry in photoelectron angular distributions with respect to the direction of the photon beam. For photoionization of the 1s 2 1 S 0 He ground state this asymmetry is characterized by the angular distribution parameter
where a is the fine structure constant, v is the photon energy, R 1 , R 2 are the dipole and quadrupole radial matrix elements, and d 1,2 are the phase shifts of the Ep, Ed continuum states of photoelectron energy E [11, 12] . Note that all quantities are in atomic units.
In regions of the photoionization spectrum where no autoionizing levels are present the quantities R 1,2 and d 1,2 are all slowly varying functions of energy. When autoionization is present the general form of (1) remains the same, but these parameters are now strong functions of energy in the neighborhood of the resonances. Fano [13] showed that for a single autoionizing resonance coupled to a single continuum, the transition amplitude should be multiplied by the factor ͑q 1´͒͑͞i 1´͒. Labeling resonant quantities with the superscript R and the channel ᐉ 1, 2 the resulting radial matrix elements and phases can be expressed as
where q ᐉ is the Fano line profile index and´ᐉ ͑v 2 v ᐉ ͒͑͞G ᐉ ͞2͒ is the energy with respect to the resonance position v ᐉ measured in units of the halfwidth G ᐉ ͞2 of the resonance. The extra phase shift due to autoionization D ᐉ is defined by cotD ᐉ 2´ᐉ. Using these equations, the well-known form of the resonant cross section is given by
Substituting Eqs. (2) into Eq. (1) gives the resonant value of g R in terms of g 0 , the value of g defined by Eq. (1) that would exist at v in the absence of any resonances as Experimental measurements of photoelectron angular distributions generally require accurate knowledge of the photon polarization properties [14] . To avoid this difficulty, we make use of a symmetry property of angular distributions noted by Peshkin [15] , i.e., the average of two photoelectron intensities measured at the same polar angle with respect to the photon propagation direction k but differing by azimuthal angles of 90 ± is independent of polarization and equal to that for an unpolarized photon beam at that polar angle. We use four parallel-plate electron analyzers (PPAs) mounted on a rotation stage with its rotation axis perpendicular to k. The two "forward" analyzers are positioned at 54.7
± with respect to k and differ by 90 ± in azimuthal angle. The two "backward" analyzers are positioned at 125.3
± with respect to k and also differ by 90 ± azimuthal angle. By averaging the photoelectron intensities in the two forward and two backward analyzers, we obtain signals that are independent of the photon polarization and the usual dipole anisotropy. The difference between the intensities in the forward and backward directions divided by their sum is proportional to g and isolates the dependence of the angular distribution on the E1-E2 interference. For each photon energy, the rotation stage is rotated so that photoelectron intensities are measured by each analyzer at each of the four angles.
The experiment was performed on the PGM Undulator beam line at the University of Wisconsin's Synchrotron Radiation Center. The photon beam intersected an effusive gas jet at the common source point of the four PPAs and an ion detector recorded photoion yields. The PPAs were operated at a high pass energy of 100 eV with a nominal kinetic energy resolution of 2 eV. Variations of photoelectron intensities through the autoionizing resonances were measured by constant ionic state (CIS) scans in which the kinetic energies accepted by the PPAs were stepped along with the photon energy. The PPAs were then rotated and the CIS scan repeated. Four measurements of g were determined from the four PPAs at each energy of the CIS scan, and the results were averaged to reduce systematic errors. The relative photoionization cross section through the resonance region was determined from the ion yield.
The experimental total cross section measurements are shown in the lower panel of Fig. 1 . The well-known ͑2s2p͒ 1 P 1 resonance at 60.15 eV [4] is observed with its characteristic Fano profile [13] and was used to calibrate our absolute energies. The quadrupole resonance (weaker by a 2 v 2 ϳ 3 3 10 24 relative to dipole) is not apparent in the total cross section. These data were fitted with a profile determined by the dipole cross section [Eq. (3)] convoluted with the ഠ20 meV photon bandpass. The line shape of the bandpass function was determined in a separate measurement of the nearby xenon 4d ! 6p 1 P o 1 resonance at 65.11 eV [16] . Allowing the He dipole resonance width and q 1 to vary as free parameters, we obtain excellent agreement with the best values of those parameters available in the literature (see Table I ). The quality of the fit with parameters consistent with previous measurements confirms our bandpass determination.
The upper panel of Fig. 1 shows the energy dependence of the parameter g in the region of the helium ͑2s2p͒ 1 P 1 and ͑2p 2 ͒ 1 D 2 autoionizing levels. Although the quadrupole resonance is not observed in the cross section, it is clearly visible in the angular asymmetry. To fit these data, it is necessary to properly account for the photon bandpass. We do this by using Eqs. (3) and (4) and forming the convolution integrals of s R 1 ͑v͒g R ͑v͒ and s R 1 ͑v͒. The convoluted g R is then defined by the ratio of those integrals.
Keeping the dipole resonance parameters fixed at the values determined from the cross section measurement, the data in Fig. 1 were best fitted with g R to yield the quadrupole resonance parameters shown in Table I . The resulting fit is shown in the upper panel of Fig. 1 . The nonresonant asymmetry g 0 was also determined from the fit and found to be 0.096͑20͒ in good agreement with theoretical predictions [21, 22] . The normalized x 2 value for this fit was 0.93. Table I presents some previously reported experimental and theoretical values of the resonance parameters along with the present results. For the previous experimental values of the dipole resonance parameters, we show the results of the recent high-resolution study reported by Schulz et al. [4] . The quadrupole parameters for the energy and width are those reported by [8] . q 2 is taken from calculated values of the electron scattering quantity q 2 ͑K͒. In the limit of small momentum transfer K this is the same as the electric quadrupole value q 2 ; this follows from the fact that the Born radial matrix element in the spherical Bessel function j 2 ͑Kr͒~r 2 as K ! 0 [23] . The Born calculations by Lhagva and Hehnmedeh [17] and by Kheifets [18] are in good agreement yielding q 2 ഠ 21. The Ep, Ed phase shifts have been calculated by Tweed and Langlois [19] and Lhagva [20] for various values of E; both calculations are in excellent agreement in the energy range of interest. The value d 2 2 d 1 ͑20.6315͒ 2 ͑20.3287͒ 20.3028 in Table I was obtained by linear interpolation and is essentially constant over the autoionizing resonances. For comparison, these previous values were used to generate the dashed curve in Fig. 1 which clearly deviates from the measurements.
Our fitted values of G 2 and v 2 represent a significant increase in precision over the previous experimental values shown in Table I . Recent theoretical works [24] converge on values of G 2 64 meV and v 2 59.904 eV. While the phase shift difference ͑d 2 2 d 1 ͒ we find only differs from the predicted value by less than 2s, the shape parameter q 2 is substantially smaller in magnitude, suggesting near "window resonance" behavior. The fit shows a weak correlation between these two parameters. Further decreasing the phase shift to the theoretical value of d 2 2 d 1 20.3028 would result in an even smaller magnitude of q 2 and further from the prediction. We note that a calculation by Jacobs [25] yielded values of q 2 at low (but nonzero) momentum transfer that may be compatible with our experimental result. The value of q 2 cannot be unambiguously determined from electron scattering experiments because all multipoles are present, affecting the line shape and the apparent value of q. Furthermore, the matrix elements which are probed in such experiments differ from the pure multipole matrix elements of photoabsorption [26] .
Using the resonance parameters determined in the fits, we have computed the individual bracketed terms in Eq. (4) and show those in Fig. 2b . Whereas the energy dependence of the total cross section (bottom panel) is determined solely by the square of the dipole matrix element, that of the g parameter is affected by the interplay among the phase shift difference and the matrix elements. These produce a local minimum in g at the quadrupole resonance position. The g at the quadrupole resonance shows a minimum of ϳ0 because both the R 2 matrix element and phase shift terms in the numerator of Eq. (4) cross zero and change sign at v 2 as a consequence of the small magnitude of q 2 , and hence the product is always positive definite. At the energy ͑´1 2q 1 ͒ that the amplitude of the dipole resonance passes through zero, the value of g diverges and changes sign; in the experiment the finite energy resolution results in a finite measured quantity. The energy dependence of the quadrupole cross section (Fig. 2c) exhibits the characteristic dip of a window resonance.
Beyond demonstrating a method of observing higher multipole resonances in photoionization, a powerful feature of the present experiment lies in the ability to obtain not only the magnitude q 2 but also the relative phase d 2 2 d 1 and matrix element ratio R 2 ͞R 1 . This is possible because of the strong energy dependence of g R [Eq. (4)]; away from resonance the form of g [Eq.
(1)] does not permit the separate determination of both magnitude and phase from experiment. (The technique of using the shape of an interference feature to obtain phase information has been used previously in an ͑e, 2e͒ experiment [27] .) The profile index q is determined by the ratio of the transition matrix elements for direct excitation of the resonance compared to that of the continuum [13] and thus serves as a probe of the electron correlation in the doubly excited resonance. The experimental values of these quantities presented here provide a rigorous test, not previously available, for He wave functions and calculations of dynamic processes.
